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Abstract

Spectroscopic methods are proposed for detection of thermal barrier coating (TBC) spallation
from engine hot zone components. These methods include absorption and emission of airborne
marker species originally embedded in the TBC bond coat. In this study, candidate marker
materials for this application were evaluated. Thermochemica analysis of candidate marker
materials, combined with additional constraints such as toxicity and uniqueness to engine
environment, provided a short list of four potential species: platinum, copper oxide, zinc oxide,
and indium. The melting point of indium was considered to be too low for serious consideration.
The other three candidate marker materials, platinum, copper oxide, and zinc oxide, were placed
in a high temperature furnace, and emission and absorption properties were measured over a
temperature range from 800 — 1400 °C and a spectral range from 250 to 18000 nm. Platinum did
not provide the desired response, likely due to the low vapor pressure of the metallic species and
the low absorption of the oxide species. It was also found, however, that platinum caused a
broadening of the carbon dioxide absorption at 4300 nm. The nature of this effect is not known.
Absorption and emission caused by sodium and potassium impurities in the platinum were found
in the platinum tests. Zinc oxide did not provide the desired response, again, most likely due to
the low vapor pressure of the metallic species and the low absorption of the oxide species. Copper
oxide generated two strongly temperature dependent absorption peaks at 324.8 and 327.4 nm. The
melting point of copper oxide was determined to be too low for serious consideration as marker
material.

Introduction

A regularly scheduled and costly maintenance item for all turbo-engine equipped planes is the
inspection of the thermal barrier coatings (TBC) on turbine blades. The inspection of these
coatings requires the engine to be taken out of operation and to be partly disassembled for
providing access to the TBC for boroscope observation. A typical mode of operation for this
maintenance is a visual inspection of the TBC for cracks, erosion or other damage that will
indicate the remaining TBC life. This type of maintenance is costly because it is skilled-labor-
intensive, and it requires that the engine be out of service. In order to assure safe flight conditions,
however, it isimperative to have these inspections done on aregular schedule.

Substantial engine maintenance cost savings and increased engine operational safety could be
obtained if methods were to be developed that could detect TBC deterioration, either in flight or
during engine operation in ground tests that cover the whole range of engine operating conditions.
A prime candidate for such methods is the optical monitoring of engine exhaust for anomalous
gaseous species. Over the last decade, a substantial effort was expended to develop optical
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methods for monitoring the presence of anomalous metallic species in the plumes of rocket
engines." Two of the most promising devices are a nozzle mounted optic assembly, which collects
emissions from the nozzle and combustion chamber, and the Fabry-Perot interferometer, which
filters emission in spectral regionsthat characterizes specific species radiation. Both devices were
developed for in-flight health monitoring by continuously monitoring the rocket engine exhaust
for specific materials that could erode during the high performance part of the flight.
Demonstrations of these devices on Space Shuttle Main Engine (SSME) test runs' showed
substantial emissions of chromium (Cr), nickel (Ni), and iron (Fe), al originating from stainless
steel components inside the engine. A detailed list of these stainless components and their alloy
constituents is provided by Paradis.” Typical spectrawith and without metallic contaminants are
shown in Figure 1.

Similar metallic spectra were obtained during in-house material s-combustion compatibility tests
for satellite propulsion systems.® Stainless steel samples were placed inside a small hydrogen-
oxygen combustor at an O/F mixture ratio of 4, at 3 bar pressure, and above 2000 K temperature.
A spectroscopic system collected emission from the flow behind the reacting solid stainless steel.
The acquired spectra showed strong emission features at three different spectral wavelengths, as
shown in Figure 2. The strongest emission lines were identified to be chromium (Fig. 2.a) and
some of the weaker lines were identified to be nickel (Fig. 2.b). The detection of iron was slightly
more difficult due to the fact that a strong iron emission line is located in between hydroxyl
radical emission lines, whereas the nickel lines lie below and the chromium lines lie above the
dominant OH spectral bands. In order to find the iron line, therefore, the emission spectra without
(lower) and with (upper) installed stainless sample should be compared, asis shown in Fig. 2.c.

An ideal engine monitoring system would correctly identify the engine part before it fails. The
three metals detected in the above two examples, however, show up in virtualy all engine
components and therefore, if present in the exhaust gas, would not be good marker materials for
identifying which engine component exhibits wear. They could, however, indicate problem spots
in other engine components, and should therefore be monitored in the exhaust. Due to the
extreme environment it experiences, one engine sub-component most often associated with
failure is the TBC on the turbine blades. For that reason, the current project is focused on
identifying a “marker” species that can, without adverse effect, be embedded inside the TBC
bond coat. When detected in the exhaust, that marker would specifically point to TBC spallation
or failure. A possible marker could be platinum, aready found in the TBC bond coat of one
engine manufacturer.

The examples provided thus far all focused on emission, which is the simplest optical monitoring
method, due to the fact that no separate light source is required. Depending on the marker species,
however, optical absorption is an aternate candidate around which a wear-or-failure monitoring
system could be developed. The equipment used to monitor emission and/or absorption typically
consists of a monochromator to separate the emission wavelengths and a detector. Additionally, a
light source is required for absorption. Low cost equipment for both techniques can be purchased
and integrated with fiber-optics for in-flight monitoring of TBC health. Absorption would be
appropriate when the gas temperature is moderately low and gas molecules would popul ate |ower
energetic levels where up-transitions with the help of energy quanta from an external source
could be accomplished. Such conditions exist in the exhaust of the gas turbine engine.

Following the identification of marker species and the possible adjustments of TBC bond
coatings to accommodate these marker species, an effort to develop instrumentation to facilitate
their detection has been projected. A two-track development process is envisioned. Initialy, the
instrumentation would be designed inside a package, which could be wheeled to the back of a
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mounted airplane engine. While idling, the exhaust could be checked. In order to assure a higher
degree of safety, the same check could be done with the engine at full throttle. To incorporate
such health checking does have the potential to extend the intervals between intrusive engine
checks and maintenance. A more ambitious part of the instrumentation devel opment would be to
miniaturize all equipment and to utilize optical fibers for mounting an in-flight monitoring
package for hot section health monitoring. Such miniaturization development, currently feasible,
would be a substantial addition to the overall safety monitoring of engines during flight. Other
spectroscopic monitoring techniques have been identified,” but no critical breakthrough in
accomplishing in-flight TBC health monitoring has been made thus far.

The goal of this project was to identify a material compatible with the TBC bond coat that would
be detectable by a spectroscopic technique. As the TBC cracked or spalled from the underlying
bond coat alloy, volatile species of this marker material would form in the combustion
environment and be detected by the spectroscopic technique. The approach of this project was to
identify potential marker materials using a thermochemical screening process, spectroscopically
detect these species in a simulated combustion environment in afurnace, and finally demonstrate
the utility of this technique using TBC coated specimensin aburner rig. This paper addresses the
first two aspects of the project, namely, thermochemical screening and furnace tests of candidate
marker materials.

Theory

Metal speciesin flames appear as atomic-, metal oxide-, or metal hydroxide- vapor, depending on
the chemical environment created by the fuel/oxidizer. Each of those species can be excited by
any means such as flames, shocks, arcs, sparks, etc. to internal energy levels which are not stable
under the Boltzmann chemical equilibrium. The internal energy picked up from the excitation
mechanism will appear as electronic excitation in atomic species, or as internal vibrational-
and/or rotational excitation in the oxides and hydroxides. The species equilibrate (jump energy
level while exchanging or releasing energy) with their environment by collisional equilibration
(quenching) and/or emission/absorption of radiation. Typically, transitions between electronic
energy levels involve larger energy quantas as compared to transitions between vibrational and
rotational energy level. When atomic species (electronic energy levels only) equilibrate, the
energy quanta are substantial and the emission released during the transition, therefore,
corresponds to emitted energy in the ultraviolet (UV), or low visible range of the spectrum.
Molecular species typically equilibrate while emitting near- to mid-infrared (IR), as the result of
the small difference in internal vibrational/rotational energy levels.

Ignoring collisional energy redistribution, the intensity of emitted light, I, for the above described
transitions can be given by:

| = A Nthgie( 5D 1
Z(T)
where A;; is thetransition probability between the initial and final internal energy state, Ny is the
number density of species k, hv is the photon energy (h is Planck’s constant, v is the photon
wavelength) , g; isthe statistical weight, E; isthe energy level of theinitial state, k is Boltzmann's
constant, T is the gas dynamic temperature, and Z(T) is the species partition function. Without
going into much detail, it can be seen that the intensity varies linearly with Ny and A;; , and has a
complex relationship with T. In order to use the emitted light as a good indicator of species
presence, it isimportant to have a substantial transition probability such that even minute species
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presence will generate a detectable emission. The expanding flow in the high temperature engine
environment generates species emission proportional to the local equilibrium species number
density residing at the upper energy level of the transition. During the expansion, thermal energy
is converted into kinetic energy of motion. The flow temperature drops, and all flow species
equilibrate, either by collisional mechanisms or by radiating energy, thus emission.

The examples given in Figures 1 and 2 all focused on emission, which is the simplest optical
monitoring technique, due to the fact that no radiation source is required. Depending on the
marker species, however, upper energy levels are frequently not highly populated at the
temperatures under consideration, and no detectable emission will occur. In order to have
substantial detection sensitivity at lower temperatures, emission monitoring is frequently
exchanged for absorption monitoring. In this approach, a light source (laser, broadband lamp) is
used to illuminate the flow. The transmitted intensity at a wavelength that corresponds to the up-
transition is monitored. A reduced intensity indicates light absorption and the presence of the
species under evaluation. Depending on the molecular species and the quantum jump of the
transition, such absorption spectra can appear as single absorption lines, absorption bands, or
series of absorption bands. An example of the latter absorption spectrum is given in Figure 3,
where a heated iodine cell containing crystallized I, in vacuum provides a pure iodine vapor, well
characterized by Forkey et al.*

Material Selection

Selection of Candidate Marker Materials

The desired properties of a marker material include:

1. Unique to the hot section environment. The following elements were rejected as candidate
materials since they are common in the hot section environment: Fe, Cr, Ni, Y, Zr. In addition
the impurities Na and K were rejected as marker materials due to their ubiquitous presencein
the environment.

2. Non-toxic materials. Be and Cd were rejected due to their toxicity.

The remaining materials were subjected to a thermochemical property screen as discussed below
to determine if the following criteria were met.

3. Detectable vapor pressure. Materials with a vapor pressure greater than 10™° atm at 1400K
were selected for further evaluation.

4. The vapor pressure of the volatile species should have a strong temperature dependence so
that as the TBC fails and a hot spot develops, a definitive increase in the partia pressure of
the volatile speciesis observed.

5. High melting point of marker material.

Attempts were made to locate the thermochemical data of each element in the periodic table (as
well as the solid oxides of each element) and their corresponding atomic, oxide and hydroxide
vapor species. Sources of thermochemical data included JANAF,” SGTE,® IVTANTHERMO),’
Glushko,® Krikorian,? Ebbinghaus,”® and Hashimoto."* The data were input into the chemical
equilibrium free energy minimization package, ChemSage.”> The phase equilibrium between the
solid candidate marker material and the fuel-lean combustion environment, equivalence ratio of
0.5, (6.7% CO,, 7.8% H,0, 10.6% O,, 74.9% N,) was examined. The partia pressure of all
volatile species in these equilibria were determined between 1000 and 2000 °C. A summary of
this screening can be found in Table |. Three materials were identified by this thermochemical
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screening process to fit the criteria one through four above: CuO, ZnO, and In. Indium sublimes
at 850 °C and was thus eliminated from consideration. In addition, Pt was considered since it is
already present in one turbine engine manufacturer TBC system, as a platinum aluminide bond
coat. The vapor pressure of volatile species of Pt, CuO, and ZnO as a function of temperaturein
combustion environments can be found in Figures 4a through 4c. In addition, the melting points
of candidate marker materials are provided in Tablell.

Spectroscopic data from the three candidate marker materials, Pt, CuO, and ZnO, identified in the
first analysis as having potential applicability, are summarized in Table I11. Limited information
is available on spectroscopic quantities. Indeed, although thermo-chemical data indicate that the
dominant oxide of platinum is platinum dioxide, only spectroscopic data of the platinum
monoxide can be found in the literature.”® The relative intensities of the atomic vapor species
spectral lines are given on a different relative scale than the relative intensities of the molecular
species and should not be compared with the latter. The table is more intended to provide a taste
of the variety of species that could appear in the gas phase rather than to provide a quantitative
data base. Spectroscopic data were collected from Pearse*® and Brode.™

Experimental

Furnace:

The furnace setup consisted of a 99.8% pure alumina tube, 3 inch outer diameter by 36 inch
length held horizontally within a 20 inches long, rectangular, high temperature furnace. The
furnace hot zone was found to be within 5 °C of the desired temperature in the center two inches
of the tube and within 15 °C in the center four inches. The set temperature was determined by
calibration with atype R thermocouple. The thermocouple was removed from the furnace during
experiments to ensure an optical line of sight through the furnace tube. Powdered samples of
each candidate marker material were placed in 99.8% purity alumina boats which were 2.75” in
length and centered in the hot zone of the furnace for spectroscopic detection of volatile species.
The gas environment consisted of a simulated combustion environment, 79% N, 9.75% CO,,
4.5% H,0, and 6.75 % O,. The gas flow rate was controlled using a Tylan mass flow controller
with the gas velocity typically about 0.1 cm/s. Water was fed, using a peristaltic pump into a
borosilicate glass capillary feedthrough in the furnace tube endcap. The water dripped into a
fused quartz wool plug in the inlet side of the furnace tube at a point where the temperature was
about 200 °C. Care was taken to keep the fused quartz wool out of the optical path through the
furnace tube.

Optical Setup:
Because of the variety of atomic and molecular vapor species involved, the equipment has been

designed to cover the widest possible emission/absorption wavelength range that the simple
experimental configuration allows, while providing the highest detection sensitivity and
resolution. Table Il indicates that the range of interest for atomic and monoxide speciesis from
the mid-UV to the visible, and near infrared. The range of interest for (mostly) absorption of
polyatomic species vapor is in the near-, and mid-IR range. In order to cover the full range of
wavelengths, two spectroscopic configurations have been designed around the high temperature
furnace, which are able to monitor the range from 250 to 1500 nm, and 2000 to 18000 nm. The
range from 1500 nm to 2000 nm was not accessible with the available equipment. Absorption or
emission was not expected in this range. Temperatures are varied from 800 °C through 1400 °C,
with most tests done at 1200 °C.
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UV/Visible:

The coverage of the ultraviolet and visible part of the spectrum is accomplished by the system
shown in Figure 5. The two endcaps of the ceramic furnace tube are equipped with 0.5” diameter
fused silica windows, transparent over the range of 250 nm to 1500 nm. An optical calibration
source illuminates one endcap. The light traverses the alumina furnace tube, exits from the
opposite endcap window, is collected by an optical lens and focused with the same lens onto the
entrance of a 0.5 meter monochromator. The lens is selected to have a matching F# with the
spectrometer. For the current hardware a F# of 4 was used. The monochromator separates the
incoming light by wavelength through a refraction grating. Three gratings are used for the
UV-visible part of the spectrum, all three with 1200 groove/mm grating, but optimized for
250 nm, 330 nm and 500 nm. The 1200 groove/mm grating provides a dispersion of 1.6 nm/mm
and a resolution of 0.02 nm. Exchanging between these gratings assures maximum light
throughput, and thus sensitivity across the full wavelength range. Test measurements with a
mercury calibration lamp showed for example that the 330 nm grating provided 60% higher light
throughput at 300 nm than the 500 nm grating.

A backlit, 1024 element, dual diode array is mounted on the exit plane of the monochromator,
making it a spectrometer. Pixel elements are 22.4 um wide, creating a system resolution of
0.45 nm per pixel. The dua diode array is extremely sensitive over the wavelength range
analyzed. The sensitivity, however, peaks at 620 nm and drops down substantially in the mid-UV
and near-IR. The wavelength range of the spectrometer can be selected by turning the grating of
the monochromator remotely from the computer console, or by physically interchanging the
grating. Each time the grating is changed, a wavelength calibration is required.

Computer software reads out the dual diode array intensity, and displays the spectra on the
computer screen. With the described hardware, each spectrum covers approximately 40 nm
spectral range. During data acquisition, spectra are obtained with 35 nm intervals, which provides
overlap of 5 nm at the spectral edges to assure continuity. The software used for data acquisition
and processing is the Princeton Instruments WINSPEC software." The experimental arrangement
described here allows for both emission and absorption of species to be detected and monitored.

IR

In order to cover the mid-IR range of the spectrum, the calibration lamp, which only covers from
250 through 1500 nm is replaced with a 60 W infrared tungsten emitter. The optical windowsin
the endplates of the ceramic tube and the collection and focusing lens have been replaced with
zinc selenide optics, which transmit radiation from 1000 through 18000 nm. The monochromator
gratings for the IR range have been selected with 1200 groove/mm but optimized for 5000 nm
and 12000 nm. The infrared region has been divided into two sections, which are evaluated
separately. The low range of the mid-IR covers from 2000 through 8000 nm, and the high range
of the mid-IR covers from 7000 to 18000 nm. A small overlap assures that phenomena, which
could escape detection near the edge regions will be covered twice. The detector element is a
Mercury-Cadmium-Telluride Photodetector with a sensitivity spanning the range from 2000
through 18000 nm. The fully modified system is schematically shown in Figure 6.

A photodetector is only able to measure the intensity of the light which it detects. No spectral
information can be provided. In order to include the detected light as a function of wavelength,
the monochromator grating moves, changing the wavelength of the light falling on the detector, in
other words, the spectrum is scanned. Scanning speed and readout speed determine the sensitivity
of the spectral intensity measurements. The beginning and end of each scan can be programmed
into the software, as well as the scanning speed and the number of scans.
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Because high temperature components always emit substantial radiation in the infrared range, the
possibility exists that a possible signal is not detected due to the large background emission. In
order to extract weak signals from large background noise, a lock-in detection scheme is used
which modulates the source emitter, and filters the detected emission at the modulation
frequency. For maximum sensitivity, digital signal processing (DSP) is used for the extraction of
weak absorption. A frequency controlled “chopper wheel” modulates the frequency of the
emitter, typicaly in the 200 to 400 Hz range. This frequency is aso the reference frequency by
which a lock-in amplifier separates the modulated signal from the background radiation.
GRAMS" software from Galactic Industries allows control over the scanning functions of the
monochromator as well as the photodetector intensity measurement by the lock-in
amplifier/computer combination. The resulting intensity distribution is displayed on the computer
screen and stored in memory. Because only the source can be modulated, maximum sensitivity
can only be achieved in the absorption mode. Emission detection is feasible only if the signal to
noise ratio of the unmodulated emitted radiation is sufficient.

Experimental procedure:
For each of the spectra observed, a number of precautions have to be taken in order to assure that
the detected spectral features can be attributed to a single cause. This requires the elimination of
contributions a) of carrier gas species to high temperature emission and/or absorption, b) of
infrared emission by the high temperature ceramic furnace tube, and c) of the optical path outside
the furnace. Each spectra is initiated by acquiring a spectrum with the furnace filled with argon
gas at ambient conditions and at elevated temperature. If present, these spectra will highlight
emission from the furnace walls, predominately expected in the infrared spectral range.
Subsequently, spectra of the furnace filled with simulated combustion products will be acquired
at ambient conditions and at elevated temperatures. For both the argon and combustion species
spectra, the gas is continuously replenished. The sequence of measurements is shown in the
following procedure: 1 : Collect light from broadband lamp without furnace operation
2 : Collect light from broadband lamp with furnace operation in air
3: Collect light from broadband lamp with furnace operation in argon
4 : Collect light from broadband lamp with furnace operation and
combustion gases flowing - no water
: Collect light from broadband lamp with furnace operation,
combustion gases and water, with subtraction of spectra
collected in step 3.
6 : Collect light from broadband lamp with furnace operation,
combustion gases and water, no subtraction.
7 : Collect light from broadband lamp with furnace operation,
combustion gases, water, and candidate marker material.
Spectra obtained during step 5 subtracted.
These steps are required to evaluate contributions to the spectrum from a variety of interferences.
Comparing the spectra abtained in these steps indicates interfering lines.

ol

Each of the above described reference spectra will have, besides the features attributable to
specific experimental conditions, features of the light propagation in the room atmosphere.
Absorption by water and carbon dioxide in the atmosphere is possible, but will be low, as the
result of the short path length in the room air (approximately 70 cmin open air and another 50 cm
inside the monochrometer).
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Most features attributable to the carrier gas start showing up at elevated temperatures, when more
molecular energy levels are populated and more transition lines can be reached. For the carrier
gas used in most experiments, the carbon dioxide and water linesin the infrared have been clearly
documented and can be found in most reference books.'® The comparison of the spectra of the
carrier gas at elevated temperatures with and without the potential marker species present will
provide the contribution of the marker species.

Results

A summary overview of all the tests done, by material and wavelength, is given in Table IV.
Results from these tests are described in this section. For each test, the species inserted into the
furnace and the optical detection range are indicated.

Pt, UV/Vis. The literature survey summarized in Table Ill showed, that the dominant platinum
emissions were located at wavelengths of 265.94 and 306.47 nm. However, no emission or
absorption was detected at these wavelengths over the full temperature range from 800 to 1200 C.
The cause is believed to be the low equilibrium vapor pressure of platinum metal (10™° —
10" bar). In combination with the relatively short absorption path of the furnace, the sensitivity
is expected to be extremely low, and detection difficult.

In arelated note it should be mentioned that while scanning platinum over the full range from 200
to 1500 nm, several absorption lines were discovered. Because the inclusion of the whole rangein
a figure would obscure the relevant details, only the parts of the observed spectrum that have
noticeable features are shown. One doublet is located at 589 and 589.5 nm (Figure 7a), one at
766.4 and 769.9 nm (Figure 7b), and a series of lines runs from 920 to 960 nm (Figure 7c). Some
features are slightly shifted from their literature values (Table I11) due to instrument inaccuracies.
The doublets correspond with sodium and potassium absorption, and the line series with water
absorption. The strongest pair was the sodium doublet at 589 and 589.5 nm. Chemical analysis of
the platinum used in the experiments verified the presence of substantial amounts of Na
(300 ppm) and K (1500 ppm). The results are shownin Table V.

The potassium absorption is strongly dependent on the temperature as shown in Figure 8. At
1117 °C, small absorption lines appear at 766.4 nm and 769.9 nm. At 1149 °C, the absorption is
substantial, and increases until the highest experimental temperature at 1210 °C. The increase in
line strength is believed to be caused by an increase in the molecular population of the lower state
of the transition during increase in temperature.

Another phenomenon is observed when the high temperature gas simulation is replaced with high
temperature argon: the potassium absorption line intensity jumps by an order of magnitude. This
jump is attributed to the increased stability of the potassium gas species under these conditions.
Increasing the temperature from 1200 °C to 1400 °C shows a line reversal from absorption to
emission, as the result of alarger molecular population of the species residing in the upper state
of the transition due to the thermal energy absorption. This reversal is shown in Figures 9athough
9g. An interesting aspect of this reversal is that the emission is sightly shifted upwards from the
absorption. No explanation for this shift has been found. Much of the noise in the spectra are
caused by an interference by the furnace, and are furnace temperature dependent.
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Pt, IR: From Figure 4ait can be seen that the theoretical vapor pressure of platinum dioxide in an
equilibrium state with the simulated combustion gas at temperatures of 1200 °C is five to six
orders of magnitude higher than that of the elemental species or the monoxide. Absorption or
emission transitions, detectable with easily available equipment, and corresponding to vibrational
levels of platinum dioxide, are located in the infrared region. The O-O stretch is located at
10.787 pm, the Pt-O bend at 14.286 pm and the Pt-O stretch at 24.096 um. The latter absorption
is not within the experimental capability, because the only window material transparent for light
near 25 um is extremely hygroscopic and difficult to utilize at high temperatures. Only the
frequencies at 10.787 and 14.286 um can be evaluated, as well as some of their combination
frequencies. Combination frequencies are the result of multiple energy jumps accomplished
within a single transition, yielding a larger energy jump and thus a lower wavelength of
absorption or emission. Both single jump transitions and multiple jump transitions are governed
by selection rules. For atheoretical explanation of transition rules, see Herzberg."’

The full range of interest from 2 to 18 micron, following the procedure outlined in the
experimental section, was scanned. Results of the mid-IR scans (2000 — 10000 nm) are shown in
Figure 10. Three sets of data are represented: an absorption scan with air at ambient conditions
(solid lines); a scan with simulated exhaust gas (no water, ~10% CO,) at 1200 °C (dashed lines);
and a scan with platinum powder inside the furnace containing simulated exhaust gas (minus
water) at 1200 °C (dotted lines). All spectra were obtained several times and proved to be
repeatable. For each condition in Figure 10, two traces are shown. Small variations in the
intensities can be seen throughout the spectra. This difference, however, is believed to be caused
by small differencesin experimental conditions, such as small alignment variations of the optics,
differences in atmospheric conditions, and differences in temperatures. All three sets of spectra
show the same features.

A comparison of the obtained absorption spectra, as shown in Figs. 10a, b and c, with the
literature spectra of water and carbon dioxide™® helps to identify features. The lack of intensity
below ~2750 nm is believed to be a combination of CO, absorption as well as the low sensitivity
of the MERCADTEL detector in this region. After approximately 2800 nm, the intensity
increases rapidly and reaches a plateau at about 3000 nm. This constant intensity is sustained until
a sudden drop occurs between 4200 and 4400 nm, which is believed to be caused by CO, only.

A series of absorption features between 5000 and 7500 nm occurs in all three cases. No clear
indication about their origin is obvious, although atmospheric water vapor (~ 3%) could be a
cause. A detail of the spectrum between 5000 and 7600, shown in Figure 10 b, clearly reveals that
even though the intensity might vary dightly between cases, the basic features are present in al
three cases, and can therefore not be attributed to the presence of platinum. After about 7500 nm,
the signal decreases in intensity, as a result of a decreasing throughput of the monochromator.
The mid-IR grating installed in the monochromator is optimized for 5000 nm, and is therefore
expected to have maximum throughput at that wavelength. In the range upwards of 7500 nm, no
features are detected.

One detail, however, stands out. The strong dip in the spectra at around 4300 nm displays non-
negligible differences between the sets of spectra shown in Figure 10a. For ambient air, the
absorption is relatively narrow. Including 10% CO, (combustion gas) at 1200 °C substantially
widens the absorption feature, believed to be caused by the fact that at high temperature, many
more energy levels are populated, thus many more transitions occur over awider range of energy
gaps. But the surprise shows up when platinum in inserted at the elevated temperatures. The
absorption line bandwidth again jumps to a much wider profile, with a cause that can only be
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speculated about, but seems to be related to the presence of a different species. Whether this
phenomenon is particular for platinum, or also occurs with other species present is not known.

Subsequent tests were performed to verify whether platinum dioxide itself causes the line
broadening. To that end, two tests were performed with platinum powder in a 1200 °C
environment, one in pure argon, and one in pure oxygen. The argon was intended to eliminate the
formation of platinum dioxide and to limit the platinum to elemental species. The oxygen was
intended to increase the amount of platinum dioxide present in the flow. Results of these tests are
shown in Figure 10c. Both the pure argon, and the pure oxygen measurements show the CO,
absorption line, identical to the absorption line width in pure air. This absorption is believed to be
taking place outside the furnace in the optical path between the source and the furnace, and
between the furnace and the detector. Because the atmosphere outside the furnace is at room
temperature, the temperature in the furnace will not play arole on the absorption line width, as
can be seen from Figure 10c. From the four measurements shown in Figure 10c, only the
absorption line with the combustion gas mixture at 1200 °C in the furnace shows a substantial
CO; line broadening, due to the elevated temperature of the gas. As a result of these
measurements, and the previous observation that the line broadening is increased with the
presence of PtO, in the combustion gas mixture, it is becoming clear that this presence of PtO, in
the gas phase has an effect on the line width of CO,. Further investigation is needed to quantify
this effect, and to verify whether this is isolated to PtO, only, or whether other species have the
same effect. The platinum dioxide therefore does not show absorption under these conditions, but
will affect the carbon dioxide absorption at elevated temperatures to broaden the absorption.

Results from tests in the upper range of the mid-IR (8000-18000 nm), with and without platinum
inside the furnace, and in equilibrium with an argon-, oxygen-, or simulated exhaust gas
environment, are shown in Figure 11. The peak at maximum intensity is located at 12000 nm,
corresponding to the grating blaze wavelength. Spectral features at 10800 nm (carbon dioxide)
and a series between 13500 and 15000 (unknown origin) are common between the various test
parameter sets. Although the overall intensity varies between the different tests, no distinct
spectral features were discovered which were different between the different conditions, pure
exhaust gas, exhaust gas with platinum, platinum with argon, platinum with pure oxygen, and
pure oxygen. These results were believed to indicate that platinum dioxide and/or platinum
hydroxide do not absorb or emit within this wavelength range, and thus would not be a suitable
candidate for marker material with the detection scheme used.

CuO, UV/Vis: The literature survey summarized in Table 111 showed that for arc excitation,
copper transitions occurs at 324.8 and 327.4 nm. Copper oxide (CuO) is placed in the furnace and
the temperature is slowly increased from 800 °C, while scanning the full range of wavelengths
from 250 to 1500 nm. During this increase in temperature, a change from solid copper oxide to
solid copper dioxide takes place, which melts at approximately 1244 °C.

2Cu0y, ™ °- Cu,0y +%, 0, m* °. Cu,0, )

The subscript (s) stands for solid and () for liquid. Copper vapor is in equilibrium with solid
CuO, and solid and liquid Cu,O over the whole temperature range. At around 1157 °C, a weak
absorption line starts appearing at 324.8 nm, followed by the appearance of the 327.4 nm
absorption line at 1160 °C. With increasing temperature these absorption features intensify, with
maximum absorption at the termination of the test at 1350 °C. The measured absorption as a
function of wavelength is displayed in Figure 12. The measured intensity level shows a drift,
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which varies with temperature and can be attributed to furnace interference to the detector. The
two absorption peaks are clearly defined.

Figure 4b indicates that the equilibrium concentration of copper in the gas phase is of the order of
10° atm at 1200 °C, slightly higher than the 107 atm concentration of copper hydroxide and
higher than the 10°® atm concentration of copper oxide in the gas phase. In combination with the
strong transition probability, this leads to the strong absorption features observed.

Observation of the remaining parts of the obtained spectra, not shown in Figure 12, do not lead to
additional spectral features in the temperature range under consideration. Neither copper
hydroxide around 535 nm, nor copper oxide around 606 nm can be detected at the concentrations
available in the equilibrium gas phase.

Thermochemica calculations show that a number of copper species need to be considered,
including copper hydroxide and copper oxide. Figure 3b shows that the concentration of Cu, is
just too low for consideration. However, after careful review of the UV/Visible copper data, and
the knowledge that copper oxide melts at a temperature too low to be of interest for the
application being evaluated, no effort to obtain mid-IR spectra of copper oxide was made.

ZnO, UV/Vis. Zinc Oxide (ZnO) was placed inside the furnace and the spectrum was observed
from 250 nm to 1500 nm over a temperature range from 800 to 1350 °C. As with copper oxide,
zinc oxide placed in the furnace gives rise to both zinc oxide vapor and zinc vapor. Due to the
low zinc oxide line strength (Table 111), no zinc oxide spectral features were discovered, not even
at the wavelength of highest transition probability, at 567.89 nm. Evaluating the equilibrium
pressure of zinc vapor (between 10" and 10° atm in the range from 1000 to 1350 °C, see
Fig. 4c), coupled with the low transition probability (relative to and indicated by the arc
excitation linestrength of Table 1), this result is understandable. At the highest temperatures
evaluated, the zinc concentration equal s the copper concentration, but the transition probability of
copper is several orders of magnitude higher.

Over the infrared range from 2000 to 18000 nm, spectra are obtained with zinc oxide in the
furnace at temperatures of 1200 °C. Equilibrium thermochemical calculations shown in Fig. 4c
indicate that only the zinc monoxide needs to be considered. No features other than the water and
carbon dioxide absorption are detected. The cause of absence of any zinc oxide absorption is
believed to be the low concentration and the short path length at which the gas is at high
temperature. Because the obtained spectra from ZnO are no different from the reference spectra
in Figs. 10 and 11, they are not shown.

Cr, UV/Vis. Chromium is used as an indicator of the temperature sensitivity and overall
experimental setup sensitivity. Chromium emission was detected in two combustion
environments where stainless steel was placed inside hydrogen/oxygen flames at different
pressures and fuel/air ratios. Chromium exhibits strong emission at 425.4, 427.4, and 428.9 nm,
as shown in Figure 2a. However, spectral measurements in this region did not indicate the
presence of chromium in a detectable amount up to 1400 °C, and the obtained spectra are not
shown. This is most likely due to the low partial pressure of chromium in the oxidizing
environment of this study. Figure 4d shows that the vapor pressure of chromium metal is from
5 to 8 orders of magnitude lower than the vapor pressures of its oxides and hydroxides under the
experimental conditions of the tests.
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Summary and Conclusions

The potential for using selected species as marker material for in-flight detection of TBC coating
spalling has been evaluated in a laboratory environment. Thermochemical equilibrium software
was used to screen a large number of potential marker materials. Only species with known
thermochemical data were evaluated. An additional consideration was the potential spectroscopic
absorption/emission strength. Four potential marker materials were selected, platinum, copper,
indium, and zinc. Indium was rejected due to the low melting temperature.

The three remaining species were heated in a simulated exhaust gas environment at a range of
temperatures (inside a high temperature furnace). Species emission and absorption characteristics
were determined over a spectral range from 250 to 18000 nm, with a small hiatus from 1500 to
2000 nm due to equipment shortcomings. Different monitoring techniques were employed in the
area of UV/Visible/near-IR and the mid-IR region due to the varying component transmittance
and quantum sensitivities.

Platinum did not show emission or absorption spectra, either from the elemental vapor, or from
the oxide or hydroxide vapors. One feature was detected. The carbon dioxide absorption line near
4300 nm, narrow in atmospheric conditions, substantially broadened due to the high temperature
carbon dioxide gas inside the furnace. Additional broadening occurred in the presence of
platinum vapor species. Additional tests showed that this was not a contribution from the
platinum vapor species, but more a broadening caused by interference between carbon dioxide
and platinum vapor species. Whether this interference is unique for platinum vapor species, or
will also occur with other collision partners has not been determined, but could be the key and
deserves further investigation.

Additionally, platinum powder inserted inside the furnace at high temperature caused strong
absorption lines to appear around 589 and 768 nm. Chemical identification showed that these
lines were caused by sodium and potassium impurities in the platinum powder. The potassium
lines showed reversal from absorption to emission with increasing temperature, a phenomenon
which is associated with increased population densities of higher energetic levels of the species at
increasing temperatures. Because potassium and sodium are common contaminants throughout
the engine, they are not good candidates for specific marker materials. Other elementsin the same
elemental groups, such as rubidium, might provide a mechanism for marker material. For the
current study, rubidium has not been considered due to the absence of thermochemical data.

Copper vapor from copper oxide exhibits strong emission lines at el evated temperatures. Around
1160 °C, two lines appear at 325 and 327 nm, which grow rapidly in intensity with increasing
temperature. Because of the temperature dependence, copper oxide would be an ideal marker
material for TBC coating spalling. The results from the vapor from CuO evaluation showed that
the absorption of copper jumps between 1160 and 1300 °C, just 140 °C. However, because the
melting temperature of copper oxide (Cu;0) is relatively low, it is deemed to be unsuitable for
inclusion in the TBC bondcoat, and is therefore not considered further. IR absorption or emission
spectroscopy of copper species was not tried.

Spectroscopic measurements of vapor from zinc oxide in the UV/Visible/near-IR range showed
no detectable absorption. No lines are detected at the literature values of 330 and 334.5 nm for
zinc vapor, possibly because of the low equilibrium vapor pressure coupled with the low
transition probability. No mid-IR measurements of zinc oxide were performed. Based on the
preliminary tests performed, zinc oxide does not appear to be a good marker candidate.
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Chromium, a widely occurring material in engine environments was also evaluated. In the range
of temperature values characterized, from 800-1200 °C, no absorption or emission lines were
found. This contrasts with the emission found in both the SSME tests and the in-house
hydrogen/oxygen rocket tests. The main difference between the current tests and the two
combustion tests was the higher temperature range of the combustion tests (T~2800 K) and the
different combustion gas composition (hydrogen/oxygen/water for the combustion tests).
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Tablel: Thermochemical screening of candidate marker materials.

Element | Thermochemical Data Source Predominant
Volatile Species

Li SGTE LiOH

Mg SGTE Mg(OH),

Ca SGTE Ca(OH),

Sr SGTE Sr(OH),

Ba SGTE Ba(OH),

Nb SGTE + Krikorian NbO(OH)

Mo SGTE MoO,(OH),

W SGTE WO,(OH),

Mn SGTE + IVTANTHERMO MnO,, MnO

Ru SGTE + Krikorian RuO;

Rh SGTE + Krikorian RhO,

Pt SGTE PtO,

Cu SGTE + IVTANTHERMO Cu

Zn SGTE + IVTANTHERMO Zn

B SGTE BO(OH)

Al SGTE + Glushko Al(OH)3, AI(OH),

Ga SGTE + IVTANTHERMO GaOH

In SGTE + IVTANTHERMO InOH

T SGTE + IVTANTHERMO TIOH

Si SGTE + Krikorian + Hashimoto SiO(OH),

Ce SGTE + Krikorian CeO(OH),

Eu SGTE + Krikorian EuO(OH)

Pr SGTE + Krikorian PrO(OH)

Tablell: Melting points of relevant species.

M elting Point (°C) Notes
Pt 1772
Zn 419
Zn0O 1975
Cu 1083
CuO 1244 Transformsto Cu,O at 1025 °C
In 157
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Tablelll: Pre-selected marker candidate spectral characteristics.

Dissoc. Transition Line Remarks Reference
Energy Wavelength | Strength
(kcal) (nm) (arbitrary)
Pt 265.94 2000 Arc discharge 13
283.03 1000
299.80 1000
306.47 2000
Pto 544.56 In arcs and hollow cathode | 12
566.30 discharge. No intensities
590.23 available.
621.06
654.85
PtO, No spectral data available
Pt3(OH), No spectral data available
Zn 330.29 700 Arc discharge 13
334.50 800
Zn, 6 2139 Hollow cathode tube 12
305.0
307.6
ZnO 65 343.58 ? These are for arc excitation. | 12
532.69 8 It is not sure whether these
536.94 8 lines are caused by ZnO or a
558.12 7 polyatomic emitter
567.89 10
Zn(OH), No spectral data available
Cu 324.75 5000 Arc discharge 13
327.40 3000
Cu, 46 490.15 8 Emission and absorption in | 12
491.90 10 aKing furnace
CuO 66 418.2 Weak Detected in copper arcs or | 12
445.3 8 flames with copper salts.
445.7 8
604.50 8
605.93 10
616.16 9
Cu(OH) 61 535.0-555.0 | Strongband | Occurs in flames. Green | 12
615.0-625.0 | Weak band flame color due to
524.6 formation. Some bands
532.4 occur in green (510 — 560
535.6 nmy
537.1
537.46
538.8
541.86
543.4
545.7
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TablelV: Wavelength range and materialstested.

MaterialsInserted in UV/Vis/near-IR Mid-IR Mid-IR
Furnace Low Range High Range

Pt d d d
Pt/Na d d d

Pt/K d d d
CuO d nd nd
Zn0O d d nd
CrO d nd nd

Definition: nd = not done; d = done.

TableV: Chemical analysis of platinum powder used in spectroscopic evaluation.

[ Test | Rsit | units | Rpts | Stdbev | Comntl |
CA 70 ppm 3 3.283
CuU 15 ppm 3 0.751
FE 50 ppm 3 10.553
K 1500 ppm 3 12.492
MN 5 ppm 3 0.746
NA 300 ppm 3 10.972
PD Not Detectt
RB Not Detectt
Sl 120 ppm 3 2.489
TI 30 ppm 3 1.79
ZN 22 ppm 3 0.887
ZR Not Detectt
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Figure 1: Examples of plume metals emission during SSME test firings. a) normal operation
with OH-emission and background chemiluminescence, b) erosive failure during operation
with metallic species emission clearly visible.
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additional constraints such as toxicity and unigqueness to engine environment, provided a short list of four potential species: platinum,
copper oxide, zinc oxide, and indium. The melting point of indium was considered to be too low for serious consideration. The other
three candidate marker materials, platinum, copper oxide, and zinc oxide, were placed in a high temperature furnace, and emission and
absorption properties were measured over a temperature range from 800-1400 °C and a spectral range from 250 to 18000 nm. Platinum
did not provide the desired response, likely due to the low vapor pressure of the metallic species and the low absorption of the oxide
species. It was also found, however, that platinum caused a broadening of the carbon dioxide absorption at 4300 nm. The nature of this
effect is not known. Absorption and emission caused by sodium and potassium impurities in the platinum were found in the platinum
tests. Zinc oxide did not provide the desired response, again, most likely due to the low vapor pressure of the metallic species and the
low absorption of the oxide species. Copper oxide generated two strongly temperature dependent absorption peaks at 324.8 and

327.4 nm. The melting point of copper oxide was determined to be too low for serious consideration as marker material.
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